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A flow injection-electrochemical hydride generation technique for atomic absorption spectrometry has been 
developed in order to avoid the use of sodium tetrahydroborate, which is capable of introducing contamination. 
A specially designed thin-layer electrolytic flow cell for hydride generation was used in a normal flow injection 
system coupled to an electrically heated T-tube atomizer for the atomic absorption measurements. About 200 pl 
of sample were injected into the electrolyte carrier stream flowing to the electrolytic cell, where hydride-forming 
elements were reduced to gaseous hydrides. The effects of various factors, e.g., electrode material, electrolyte, 
current density and carrier stream flow rate, on rate of formation of the hydride and interferences have been 
studied. The technique has been applied to the determination of As, Se and Sb in various samples. The detection 
limits for these elements in aqueous solutions were 0.45, 0.62 and 0.92 ng ml-l, respectively, with precisions of 
1.2-1 3%. 
Keywords: Flow injection atomic absorption spectrometry; electrochemical hydride generation; arsenic, 
selenium and antimony; interference 
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The sodium tetrahydroborate (NaBH,)-acid reduction tech- 
nique has been widely used for hydride generation (HG) in 
atomic spectrometric analyses. However, this technique has 
certain disadvantages. The NaBH, is capable of introducing 
contamination, is expensive and the aqueous solution is 
unstable and has to be prepared freshly each working day. In 
addition, the process is sensitive to interferences from 
coexisting ions, and excessive hydrogen gas can be evolved 
which, although not a problem in atomic absorption 
spectrometry (AAS), would change the impedance of the 
inductively coupled plasma (ICP) and increase the reflected 
power; hence extra power would be required to keep the 
plasma stable,' and in extreme cases the plasma would be 
extinguished. Rigin and co-workers2-* introduced an electro- 
chemical method to reduce As and Sn to the hydrides in 
alkaline media followed by AAS or atomic fluorescence 
spectrometry (AFS) for the determination of these elements 
in various samples. However, their method was the so-called 
'batch method', the construction of the electrolytic cell was 
somewhat bulky, it was not convenient to change the 
samples or electrodes, relatively large sample volumes ( 5  ml) 
were required and automation was not easy. In the present 
work, a flow injection (FI) system with a thin-layer 
electrolytic flow cell to compliment the FI technique has 
been developed for electrochemical hydride generation (EC- 
HG), which requires only a small sample volume of about 
200 pl, and is very easily automated. For simplicity, the 
system was coupled to an electrically heated T-tube atomizer 
for AAS measurements. The technique has been applied to 
the determination of As, Se and Sb in various samples. 
I I b w a s t e  
Experimental 
Instrumentation 
A Perkin-Elmer 3030B AA spectrometer was used, with a 
modified electrically heated quartz T-tube atomizer which 
* Presented at the XXVII Colloquium Spectroscopicum Interna- 
tionale (CSI) Bergen, Norway, June 9- 14, 199 l .  
To whom correspondence should be addressed. 
is 14 cm long (9 mm id.)  with flared ends to match the 
geometry of the instrument optics; the main tube was 
placed in a heat-insulating housing made of a light-weight 
refractory material, with a thermocouple close to the tube to 
monitor the temperature. The other equipment used was: a 
flow injection system, FIA-2 1, made by the KYKY Factory 
(Academia Sinica Instruments Factory, Beijing, China), 
consisting of two multichannel peristaltic pumps, a 16-way 
valve and manifolds including the laboratory-built thin- 
layer electrolytic flow cell; a Model JH-2C constant current 
and constant voltage unit (Shanghai Second Radio-elec- 
tronics Factory, Shanghai, China) was used as the power 
supply for the electrolytic cell; and a Model XWT- 100 strip- 
chart recorder (Da Hua Instruments and Meters Factory, 
Shanghai, China) was used to record the absorbance 
profiles. The experimental set-up is shown in the block 
diagram of Fig. 1. 
Electrolytic flow cell 
The thin-layer type flow cell was designed to deal with the 
small volumes of sample characteristic of FI techniques. 
Fig. 2 shows the expanded and cross-sectional views of the 
cell. The poly(tetrafluoroethy1ene) (PTFE) body of the cell 
consists of the upper (cathode) and lower (anode) blocks, 
each with solution inlets and outlets and cathode or anode 
To AAS Sample injection n 
Gas-liquid 
separator 
d 
@ 
Electrolytic cell 
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I mol dm-3 
HZSO, 
Fig. 1 
hydride generation system 
Schematic diagram of the flow injection-electrochemical 
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Fig. 2 Schematic diagram of the thin-layer electrolytic flow cell 
embedded in them, separated by two slotted PTFE gaskets 
with an ion-exchange membrane in between. The blocks, 
gaskets and membrane are held together with four screws. 
The anode is made of Pt. In the latest design of the cell, the 
upper block together with the cathode is interchangeable for 
use with different cathode materials, e.g., vitreous carbon, 
Pt, Ag-Hg. In the present work the early design of the cell 
with a vitreous carbon cathode was used unless otherwise 
indicated. The volumes of the cathode and anode compart- 
ments ('channels') are determined by the thickness of the 
gaskets (200 pm) and the areas of their slots, which are of 
the same width, but slightly longer than, the electrodes. The 
standard electrode area is 6x 1 cm. For comparison, a 
smaller cell with an electrode area of 3 x 1 cm has also been 
tested. A constant current from the power supply is applied 
to the electrolytic cell. 
Reagents and Standard Solution 
All reagents used were of analytical-reagent grade or higher. 
Standard stock solutions 
A solution of Astrt was prepared by dissolving As203 in a 
small volume of 20% KOH solution, neutralizing with 2% 
H2S04 and diluting with I rnol dm-3 H2S04. Sodium 
arsenate was dissolved in 1 mol dm-3 H2S04 to prepare a 
solution of AsV. A solution of Sew was prepared by 
dissolving SeO, in 1 mol dm-3 H2S04, and an Sbt*' solution 
was prepared from antimony potassium tartrate. 
Electrolytes 
Electrolytic solutions of H2S04, HC104, HN03 and HCl at 
various pH values were used to test the efficiency of HG. 
Sample Preparation 
Polyester jilms 
Weigh 2-3 g of sample into a 50 ml vitreous crucible, dry at 
100 "C for 5 h, add 2 rnl of a saturated solution of Mg(N03)2 
as the ashing aid, then ash the sample in a furnace with 
stepwise increases in temperature (1  00 "C for 2 h, 200 "C 
for 1 h and 450 "C for 5 h). After the ashing is complete, 
carefully remove the crucible from the furnace and dissolve 
the ash with a small volume of 1 mol dm-3 H2S04, then 
transfer the solution into a 50 ml calibrated flask and make 
up to volume with 1 rnol dm-3 H2S04. 
Mangrove leaves 
15ry the washed samples at 60 "C, grind to a particle size of 
100 mesh. Digest 0.2-0.3 g of powdered sample with 10 ml 
of concentrated HN03 and 5 ml of concentrated HCI04 on 
a hot-plate at a low temperature. After the residual solution 
has cooled down, add 2.5 ml of a mixed reducing-masking 
agent ( 10% ascorbic acid + 10% KI + 10% thiourea), then 
transfer the solution into a 50 ml flask, and make up to 
volume with I rnol dm-3 H2S04. 
Instant Chinese medicine 
'Weigh 1 g of sample into a PTFE crucible, add 7 ml of 
concentrated HN03+HC104 (3  + 1 )  and 3 ml of HF, place a 
lid on the crucible and allow it to stand overnight. Digest 
the sample on a hot-plate at a low temperature to keep the 
solution just boiling, until the solution is clear, large 
amounts of white fumes of HCI04 are evolved and 1-2 ml 
of solution remain. Remove from the heat and add 5 ml of 4 
inol dm-3 HCl to the crucible. Boil the solution on the hot- 
plate for 5 min; after cooling make the volume up to 25 ml 
with 1 mol dm-3 H2S04. 
Procedure 
An electrolyte stream was pumped through the anode 
channel of the electrolytic flow cell and then to the waste. A 
small volume, about 200 pl, of the standard or sample 
solution was injected into another electrolyte stream (the 
carrier), which was to pass through a reaction coil, then to 
the cathode channel of the flow cell. Nascent hydrogen was 
produced at the cathode by electrolysis and HG took place. 
The reaction products were purged by a stream of N2 and 
transported into a U-tube gas-liquid separator; the hydride 
and other gases then passed to the T-tube atomizer for AA 
measurements. The operating conditions of the system are 
shown in Table I ,  except where indicated otherwise. 
Sample analysis 
Three parallel analyses were performed and the average 
result for each of the samples was taken. 
Results and Discussion 
Studies on Operating Conditions 
Composition and p H  of the carrier-electrolytic solution 
Acids (H2S04, HCl, HC104 and HN03) at various pH 
values were tested as electrolytes. It was found that 0.05 
Table 1 Operating conditions for the FI-EC-HGAAS system 
As Sb Se Parameter 
Electrodeless discharge lamp 
power/ W 
Wavelength/nm 
Atomizer temperature/"C 
Slli t-widthhm 
Carrier-electrolyte solution 
Carrier flow rate/ml min-1 
S'ample volume/pl 
Nitrogen flow rate/ml min-I 
Ekctrolysis current/A 
8 8 8 
193.8 2 17.6 196.0 
900 900 900 
0.2 0.2 0.2 
4.0 4.0 4.0 
1 mol dm-3 H2S04 
200 250 200 
40 40 40 
1 .o 1 .o 1 .o 
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Table 2 Comparison of two EC flow cells with different electrode areas for the determination of Sb; an electrolysis current of 1 A was used 
Electrode Cathode channel Current 
Cell area/cmz volume/pl A,,* A t  density/mA cm-* 
A 6.0 140 0.485 0.284 167 
B 3.0 70 0.369 0.251 333 
* Absorbance for continuous flow sample introduction; 0.5 pg ml-1 of Sb contained in carrier-electrolyte stream, with the same pumping 
t Absorbance for FI sample introduction; 0.5 pg ml-1 of Sb and sample volume 250 pl. 
rate as in Table 1. 
mol dm-3 H2S04 gave highest absorbance for Sb, while the 
acidity of HC1, HClO, and H2S04 did not have much effect 
on the sensitivities of As and Se. Nitric acid lowered the 
sensitivity of As and suppressed the Se signal almost 
completely, probably because of the oxidizing properties. 
With HCl, the C12 evolved would be a pollutant. Hence, 
H2S04 was chosen as the electrolyte. With this acid, smaller 
interferences from transition metals were found at higher 
acidities. Similar effects have also been reported for the 
NaBH, reacti0n.~9~ Higher acidity would also help to clean 
the electrodes: 1 mol dm-3 H2S04 was finally used as a 
compromise concentration. 
Electrolytic current 
The absorbance signals increased in proportion to the 
electrolytic current: for As up to 3 A, Sb to 2 A and Se to 1 
A. In the present work, 1 A was used for all the analytes. 
Currents, if not limited by the power supply, of greater than 
3 A could be used for higher sensitivity but this might affect 
the lifetime of the cell. 
Comparison of two flow cells 
Experiments with Sb for two flow cells with different 
electrode areas (Table 2) showed that the cell with the larger 
electrode area gave a higher absorbance signal for the same 
total current, in spite of the smaller current density. 
However, a smaller electrode area (hence smaller channel 
volume) also gave smaller dispersion of the analyte. 
Sample volume 
To a certain level, the absorbance signal increased with the 
sample volume injected into the carrier stream, although 
this was not linear (Fig. 3). Hence the sample size can be 
adjusted to suit the sensitivity required. 
20 I 
Sa rn p I e vo I u me/p I 
Fig. 3 Effect of sample volume on Sb absorbance 
Table 3 Effect of cathode material on absorbance of As (0.1 
pg ml-1 as As1]’) 
Cathode 
Parameter Pt C Ag-Hg 
Hydrogen overpotential/V 0.10 0.82 1.42 
Relative absorbance 0.43 0.59 1.00 
Electrolyte stream flow rate and eficiency of HG 
The absorbance signal increased slightly with the electrolyte 
stream flow rate from 2 to 4 ml min-l, and 4 ml min-l were 
chosen. The efficiency of hydride generation, Ehg, with this 
flow rate was measured as follows. A 0.2 pg ml-1 solution of 
Sb was pumped through the cathode channel of the flow cell 
continuously, the absorbance, Ao, was measured and the 
waste collected. The waste solution was pumped continu- 
ously through the cell and the absorbance measured, Al.  
The value of Ehg was calculated from the equation 
Ehg = - Al (1) 
and a value of 40% was obtained. 
Effect of cathode material on absorbance 
Experiments with Pt, vitreous carbon and Ag-Hg cathodes 
showed that a cathode with a higher overpotential gave a 
higher As absorbance signal (Table 3). Similar results had 
also been observed in preliminary work with a U-shaped 
electrolytic cell using different cathodes for Sb measure- 
ments by ‘batch-mode’ operation. 
Interferences in the determination of Se 
The interferences from coexisting elements in the NaBH, 
technique are especially for Se rnea~urements.~*~ 
Interferences in the present FI-EC-HG technique for Se 
have been studied. The ratio of the tolerable concentration 
of the interferent, i.e., the concentration that would cause a 
10% difference in signal,’ to the concentration of Se in the 
test solution, designated by [X]/[Se], was used to indicate 
the degree of interference, in order to compare the results 
obtained with those of the NaBH,-acid reaction by F18 and 
continuous flow9 techniques. The results are shown in Table 
4. It can be seen that for many elements, the interferences 
are negligible for the FI-EC-HG and FI-NaBH, techniques, 
whereas the Cu and Ag, as well as Sb and Bi interferences, 
are severe for both. Interference by Hg is also negligible for 
FI-NaBH, but not for FI-EC. However, in FI-EC-HG 
interferences from some elements, e.g., Cu and Hg, can also 
be masked, as in FI-NaBH,-HG,* by chelating agents, such 
as o-phenanthroline, thiourea and ascorbic acid. 
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Table 4 Interferences from diverse elements on determination of SeIv using various techniques 
Tolerable concentration ratio [X]/[Se]* 
Interferent 
Zn2+, Cd2+, Ca2+ or Mg2+ 
Fe3+ 
co2+ 
Ni2+ 
cuz+ 
Ag+ 
Hg2+ 
As3+ 
Sb3 + 
Bi3+ 
Sn2+ 
Pb2+ 
FI-EC, 
this work? 
2000 
1000 
1000 
1000 
50 
5 
5 
200 
10 
5 
1000 
1 000 
NaBH, 
FIS 
- 
- 
1000 
200 
100 
1000 
100 
10 
10 
500 
1000 
- 
Continuous flow5 
- 
50 
50 
50 
10 
10 
10 
5 
5 
10 
- 
Ratio of the interferent concentration that causes a difference of 101% in the signal [XI to the concentration of Se [Se]. 
j- For 100 ng ml-i of S P .  
$ From ref. 8, for 10 ng ml-i of S P .  
0 From ref. 9, for 10 ng ml-I Sew. 
Table 5 Effect of cathode material on interferences on the 
absorbance signal for As (0.10 pg m1-I as AslI1) 
Interferent and Relative 
Cathode material concentratiordpg ml-i absorbance (%)* 
Vitreous carbon Fe3+ 20 
co2+ 20 
Ni2+ 20 
cu*+ 10 
Pt Fe3+ 100 
co2+ 100 
Ni2+ 100 
Cu2+ 30 
Ag-Hg Fe3+ 40 
Co2+ 40 
Ni2+ 40 
Cu2+ 50 
* Highest absorbance given as 100%. 
91 
92 
87 
65 
1 00 
100 
1 00 
50 
95 
95 
93 
1 00 
Eflect of cathode material on interf4rence.s 
It was found that the interference effects of some elements 
varied with the cathode material of the flow cell used (Table 
5). Hence it is possible to use an appropriate cathode to 
minimize interferences from certain elements. 
Detection limits, characteristic concentrations and precisions 
All the values for aqueous solutions are shown in Table 6. 
The precision is expressed as relative standard deviation 
(RSD). It should be pointed out that the detection limits 
and characteristic concentrations could be much improved 
by changing the experimental set-up, for instance, by 
reducing the i.d. and lengths of the plastic tubing in the 
manifold and the i.d. of the T-tube atomizer and gas-liquid 
separator, and optimizing the operating conditions. 
Analysis of Real Samples 
Six samples of polyester film, mangrove leaves and instant 
Chinese medicines for the common cold were analysed by 
Table 6 Detection limits, characteristic concentrations and rela- 
tive standard deviations 
Detection limit Characteristic RSD* 
Element (3o)lng ml-* concentratiodng ml-1 (%) 
As 0.45 
Sb 0.62 
Se 0.92 
1 .o 1.6 
1.6 1.2 
2.0 1.8 
* n= 1 1; analyte concentration, 100 ng ml-1. 
the proposed technique. Each result in Table 7 is the 
average value of from three parallel complete analyses of a 
sample. For comparison, recoveries (based on spiking the 
analysed samples) and electrothermal AAS (ETAAS) results 
are also listed. It can be seen that the results obtained by the 
proposed method are satisfactory. 
Conclusion 
This work shows that the FI-EC-HG technique encorpo- 
rates most of the advantages of the FIA-NaBH,-HG 
technique but circumvents most of the disadvantages of the 
NaBH,-acid reaction. Hopefully this technique could be 
adapted to the ICP source for AES, AFS and/or MS, 
without much difficulty. However, there is much work left 
to be done to understand this technique better, especially as 
regards the behaviour of the interferences and the mecha- 
nisms involved, before it could become fully established. 
This work was supported by the National Science Founda- 
tion of China and the Doctoral Graduate Research Grant of 
the National Education Commission of China. The authors 
wish to thank Professor Zhaolun Fang for valuable com- 
ments. 
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Table 7 Determination of As, Se and Sb in real samples 
Sample Element This work*/pg g-l Recovery? (%) ETAAS$/pg g-* 
Polyester jilm- 
A Sb 23.4 k 0.28 101 22.6 
B Sb 11.5k0.14 98 11.9 
Mangrove leaves- 
A As 2.10 k 0.04 98 
B As 1.60 k 0.04 96 
Instant Chinese 
medicine- 
A Se 4.4 4.8 
B Se 1 .o 1.3 
* Results are the mean values f standard deviation of the mean of three values. 
f This work, to 1 g of each polyester sample 10 pg of Sb were added to 1 g of each mangrove sample 1 pg of As was added; the spiked 
$Results from the Analysis and Testing Center, Xiamen University. 
samples were re-analysed and the recoveries of the spikes calculated. 
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